In-process monitoring and feedback control are fundamental actions for stable and good quality laser welding process. In particular, penetration depth is one of the most critical features to be monitored. In this research, overlap welding of stainless steel is investigated to stably reproduce a fixed penetration depth using both CO 2 and Nd:YAG lasers. Plasma electron temperatures of Fe(I) and Cr(I) are evaluated as in process monitoring using the measurement of intensities of emission lines with fast spectrometers. The sensor system is calibrated using a quantitative relationship between electron temperature and penetration depth in different welding conditions. Finally closed loop control of the weld penetration depth is implemented by acquiring the electron temperature value and by adjusting the laser power to maintain a pre-set penetration depth. A PI controller is successfully used to stabilize the electron temperature around the set point corresponding to the right penetration depth starting from a wrong value of any initial laser power different than the set point. Optical inspection of the weld surface and macroscopic analyses of cross sections verify the results obtained with the proposed closed-loop system based on a spectroscopic controller and confirms the reliability of our system.
INTRODUCTION
Laser beam welding is nowadays a largely used jointing technique for many applications in both the aerospace and the automotive industries. The connection between process parameters and final weld quality is very complex, and inprocess monitoring of the welding process is a very critical issue to avoid time-consuming post-process analysis, to obtain zero-defects and in-specification products at highest production rates. Successful control of the power and speed during the welding process is one of the most significant step for the automation implementation, since these parameters impact the energy input transferred to the workpieces. In many applications, full or well-defined penetrations are desired, but it is hard to control it in real time. In recent years, a lot of studies have been focused on the monitoring of quality of the welded joints [1, 2] . Among these studies, the phenomena related to the optical emission of the laser-induced plume have been widely investigated to develop innovative spectroscopic systems [3] [4] [5] . On the basis of these techniques, a number of closed-loop process control systems have been realized. Several authors have demonstrated the possibilities of feedback control strategies by using, e.g., the laser power [6, 7] , the focal-point position [8] , the welding speed [9] , as the actuator. The issue of this paper is a novel closed loop control system able to stabilize the penetration depth during laser welding process by controlling the laser power as actuator variable. An experimental investigation is presented during overlap welding processes of stainless steel sheets performed with cw CO 2 and Nd:YAG laser. The sensor correlates the electron temperature measured in real time to a specified laser power and is able to adjust this value to the that corresponding to the requested penetration depth. Different aspects have been also explored in order to investigate the suitability of the proposed sensor, such as the characterization of the temporal behavior and power dependence of the penetration depth and of the electron temperature as well as the reliability and the response time of the sensor.
EXPERIMENTAL PROCEDURE

CO 2 experimental details
CO 2 lap welding were carried out with a source delivers a beam with maximum output power of 2500 W in cw regime, focused onto the workpiece through a parabolic focusing mirror of 200-mm focal length. The laser source is coupled to a fully-automated 3-axes robotic cell. The welding trials have been performed by superimposing a 1 mm-thick upon a 2 mm-thick AISI304 stainless steel plate. The welding speed has been kept constant at 50 mm/s for all the experiments as well as the beam focus position on the surface of the top plate, the argon shielding at a flow rate of 60 l/min and the nozzle stand-off distance of 6 mm. The laser power has been changed during the experiments inducing penetration depth different from the chosen optimal value. The plasma optical emission has been collected by a 6 mm focal length collimator which was placed at an angle of about 60 degrees with respect to the laser beam axis. The collected radiation was sent through a 200 µm core fiber to the 10 µm entrance slit of a fast spectrometer, with a spectral bandwidth of 400-530 nm, and an optical resolution of 0.12 nm. Metallographic inspections of the welded joints cross sections have been carried out to measure the penetration depth for different value of the laser power.
Nd:YAG experimental details
Nd:YAG laser welding experiments were performed on AISI304 stainless steel sheets of 1 mm stacked up to 3 mm thickness, by employing a laser with a maximum power of 4 kW and beam quality of 25 mmmrad. The beam was guided through a fiber with a core diameter of 600 μm and was focused on the workpiece with a lens of 200 mm focal length. Laser welding head was coupled to a Staubili RX-130 robot. Also in this case, a fast spectrometer was used to collect the optical plasma emission with a quartz collimator with a focal length of 200 mm, focused onto the weld pool at an incident angle of 65°. In this case, an optical filter with a cut-off frequency of 900nm was used to remove the 1030 nm Nd:YAG laser radiation from the acquired spectra. The collected light was then transmitted to a calibrated linear CCD array (400-600 nm spectral range) by a quartz fiber. A special tubular nozzle was used for shielding the weld melt pool from oxidation during the solidification process. Argon gas with a maximum flow rate of 30 l/min was used for shielding during Nd:YAG welding. Also in this case, metallographic inspections of the welded joints cross sections have been carried out to evaluate the resulting penetration depth.
Electron temperature calculation
The plasma emission spectra produced with both CO 2 and Nd:YAG lasers show a dense discrete contribution consisting of hundreds of emission lines corresponding to neutral and ionized chemical species of the metallic elements of the material. Emission lines, mostly belonging to the neutral iron Fe(I) and chromium Cr(I), have been resolved and classified with the help of the NIST atomic spectra database. An appropriate set of emission lines was used to verify the hypothesis of Local Thermal Equilibrium in our experimental conditions.The plasma electron temperature has been calculated using the ratio of relative intensities of spectral lines according to the following equation [10] : (2) In this equation, label 1 and 2 refer to two spectral lines of the same element and I i , λ i , g i , A i and E i (i = 1, 2) represent the line intensity, wavelength, statistical weight, transition probability and the energy of the excited state, respectively. T e and k are the electron temperature and the Boltzmann constant, respectively.
CO 2 and Nd:YAG experiments characterization
The acquisition of the intensities of emission lines has been carried out at the highest acquisition rate of the spectrometer. The sampling time, including acquisition delay, was found to be around 5 ms for both experimental conditions, resulting in a maximum sampling rate of around 200 Hz. The signals acquired by the spectrometer have been used to identify and control the process by a Labview software platform. In both experiments, the welding speed and the focus position were kept constant while the laser power was varied around the optimal value. A characterization test of both processes has been performed by dynamically changing the laser power within the same process and by acquiring the plasma emission spectra at the fastest achievable rate. This procedure was intended to define the penetration depth and the corresponding electron temperature as a function of the incident laser power. The results demonstrate that the electron temperature is a reliable physical quantity able to identify a dynamic change of the laser power responsible for the variation of the weld penetration depth. The main controller parameters were then tuned for different laser sources. The preliminary characterization of the processes is reported in our previous works [11, 12] . It is worth noting the Fe(I) electron temperature behavior for CO 2 laser welding experiments: all experiments showed that the electron temperature seems apparently to decrease with the laser power and it is thus inversely proportional to the penetration depth, as already shown in [10, 13] . The reason for this behavior is only related to the particular geometrical configuration used for the collecting system: in these measurements the angle of view of the collimator was fixed and it mainly pointed on top of the keyhole. This way, for deeper penetrations only the radiation emitted by the outer and colder shell of the plume was collected and lower temperature values were thus measured as far as higher temperature were achieved.
CLOSED LOOP SYSTEM DESIGN AND CONFIGURATION
The optical spectra have been acquired by the controller and the corresponding intensities at selected wavelengths are then used to calculate the electron temperature in the electron temperature calculator block. Figure 1 Block diagram of the controller using HR2000+ Spectrometer for Nd:YAG and CO 2 welding Figure 1 shows an overview of the controller operation. The controller is designed to acquire intensities of selected wavelengths suitable for the real-time electron temperature calculation from the spectrometer. The electron temperature signal is then used by the controller to stabilize the penetration depth to the desired value by optimizing the laser power value.
PI Controller
Laser Welding Process 
In Figure 2 , the block diagram of the PI controller is shown. In the figure and equation K p and T i denote controller gain and integral time constant parameters, respectively. The process is shown as P(s). The corresponding electron temperature set point for a desired penetration is set by adjusting the power output of the controller. Like the P-Only controller, the PI algorithm computes and transmits a controller output (CO) signal for every sample time, T, to the final control element (e.g., laser power). The computed CO from the PI algorithm is influenced by the controller tuning parameters and the controller error, ΔT e (t). Integral action enables PI controllers to eliminate offset, which is not possible with a P-only controller. Thus, PI controllers provide a balance of complexity and capability that makes them a widely used algorithm in process control applications.
EXPERIMENTAL RESULTS AND DISCUSSION
CO 2 experiments with controller
Preliminary screening tests have been carried out to find a combination of laser power and welding speed providing a joint penetration depth of 2 mm over the 3 mm full sample thickness. A 2 mm penetration depth has been chosen as a target value during experiments performed with CO 2 laser source. The optimal process parameters providing such a lap-joint depth have been found to be 1200W for the laser power at a welding speed of 50 mm/s. The electron temperature was calculated using two neutral iron emission lines at 421.91 nm and 517.09 nm respectively. As a result of the characterization experiments, the corresponding Fe(I) electron temperature set-point has been found to be 5460 K. For this combination of the process parameters the value of the controller parameter K p and T i have been optimized by performing several preliminary tests and by looking for the most prompt and steady condition of the controller performances. The controller parameter values were set to -2 and 150 for K p and T i respectively. It is worth noting that a negative value for K p is only due to inverse proportionality between the laser power and the electron temperature signals. The experimental tests have been designed so that the sensor drives the first moments of the acquisition by imposing the laser power set point, after that period the controller starts its action by comparing the measured electron temperature value with the expected one for the desired penetration depth. Figures 3a  and 3b shows respectively the electron temperature and the laser power measured by the sensor for a welding test performed by using an initial power level corresponding to the set point value. The transverse cross sections (Figure 3c ) in different point of the welded joint confirm a steady average depth of around 2 mm. The in-process monitoring results under feedback control are shown in Figure 4 where a lower incident laser power was chosen as starting value in order to test the ability and the quickness of the controller to reach the target penetration depth when it was activated. As described in the section 2.3, an apparently increases of the electron temperature was observed for a lower value of incident power. Figure 4b shows that the sensor system is able to correct the laser power from 960W to 1200W and accordingly the electron temperature linearly decreases from the initial value to its set point obtaining a stable penetration depth, as demonstrated by the transverse cross sections measurements showed in Figure 4c . Finally the starting laser power has been set at 1440 W (around 20% higher the target value of 1200 W) by resulting in a higher penetration depth , as showed in Figures 5a and 5b. As soon as the controller is activated, the laser power began to decrease and the electron temperature to rise until they reach their optimal values. Also in this case, the macrographs (see Figure 5c ) showed that the penetration gradually approached to around 2 mm. Several tests have been carried with the loop closed, confirming the reproducibility of the control process (from lower to higher power and from higher to lower power). 
Nd:YAG experiments with controller
Characterization tests have been carried out from a laser power of 1400W till 3000W to identify the characteristics for the Nd:YAG welding process. In Figure 6 , the green line shows the variation of the laser power, while the blue line shows the observed electron temperature squeezed in the range 7100-7600 K for atomic Chromium Cr(I) 459. The optimum values of controller parameters were calculated based on this characterization plot. For the controlled experiments with Nd:YAG laser K p and T i values were set to 0.4 and 10 ms, respectively. Based on this experiment two different penetration depths were selected for controlled experiments and for a better penetration extending to the bottom plate, the set points were chosen to be 7300K and 7500K. Based on these values as shown in Figure 6 , the expected penetration depths were 1.7mm and 2.5mm respectively. Two different set points of 7300K and 7500K were used as penetration depth controller. The controller was set off for 200ms period. After the controller was turned on, the laser was adjusted as the results showed in Figure 7 . The plots show the power level variation and the corresponding penetration as well as electron temperature calculation. Initial laser power of 3000W is stabilized into an averaged laser power of 1963W, 2520Wand 2869W for 7300Kand 7500K set points respectively.
